The effects of diphtheria toxin on cell-free protein synthesis in a bacterial system, and preparations obtained from animals that were sensitive and resistant to toxin were examined. In the presence of nicotinamide adenine dinucleotide (NAD), toxin inhibited the incorporation of amino acids by endogenous and synthetic polynucleotides in both rat liver and guinea pig liver cell-free systems that were exposed to 6 Lf units per ml of toxin. A cell-free system derived from Streptococcus faecalis was resistant to high concentrations of toxin. Dialyzed toxin-antitoxin floccules that are formed in the presence of NAD and the 105,000 X g supernatant fluid from rat liver contain NAD. Such floccules are also active in protein synthesis in the absence of added transferase I or II. An operational model presents the view that the intoxication complex is formed at the ribosomal level and occurs in two steps. First, the toxin molecule binds to transferase II and alters its stereospecific relationship to transferase I, but it does not result in an inactive complex. Second, the stereospecific alteration in transferase II caused by the binding of diphtheria toxin allows NAD to bridge between transferase I and II, which then results in an inactivated complex. The sensitivity of the cell-free system derived from the normally resistant rat implies that in some cells the cell membrane serves as a permeability barrier to the toxin molecule. The resistance of bacterial cell-free protein synthesizing systems to diphtheria toxin may reflect basic differences between transferase enzymes from bacterial and mammalian sources. 
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The examination of various intact mammalian cells cultured in vitro and the use of cell-free protein synthesizing systems have now provided model systems for study on a molecular level of the mode of action of diphtheria toxin. Strauss and Hendee (21) demonstrated that the first detectable event in intoxicated HeLa cells was the inhibition of protein synthesis. Collier and Pappenheimer (3, 4) confirmed the inhibition of protein synthesis in intact cells and demonstrated a requirement for nicotinamide adenine dinucleotide (NAD) as a cofactor for intoxication in cell-free protein synthesizing systems. Toxin was found to inhibit protein synthesis at a point beyond the formation of aminoacyl-soluble ribonucleic acid (-sRNA), and it was suggested that toxin inhibits the transfer of amino acids from sRNA to the growing polypeptide chain. In mammalian cells, this transfer reaction is dependent on two labile enzymes, transferase I and II (9) . Collier (2) Harvested cells were washed in 100 ml of 0.9%O KCI and sedimented by centrifugation at 20,000 X g for 30 min. The packed cell pellets were resuspended in 150 ml of lysing medium, which consisted of 75 ml of 1 M sucrose, 30 ml of 0.01 M KPO4 (pH 7.2), 15 ml of 0.1 M magnesium acetate, and 30 ml of 2 N NaCl. Lysozyme (15 mg per g of cells, wet weight) was added and the mixture was incubated for 1 hr at 37 C. The cells were removed by centrifugation and resuspended in 0.9% KCI, 0.1 M magnesium acetate, 0.01 M BME in 0.01 M Tris (pH 7.4) to twice the pellet wet weight. Several crystals of deoxyribonuclease were added and the cells were broken by passage through an 18-gauge needle 3 to 5 times.
Unbroken cells were removed by centrifugation at 10,000 X g for 15 min and the top two-thirds of the supernatant fluid was removed and centrifuged for 2.5 hr at 105,000 X g. The supernatant fluid (soluble fraction) was removed and the pellet (crude particulate fraction) was resuspended to twice its wet weight in 0.01 M Tris (pH 7.4). Both fractions were stored at -14C.
Removal of NAD from the 105,000)X g supernatant fluid. The 105,000 X g supernatant fluid from rat liver extracts was dialyzed against 0.02 M Tris (pH 7.5) that contained 2 mmoles of GSH and 1 mmole of EDTA, at 4 C for 10 hr to remove endogenous NAD.
Enzyme assay for NAD. A modification of the enzyme system'described by Strecker (22) was used to assay for the presence of NAD after interaction of NAD, toxin, and the 105,000 X g supernatant fluid. Six Lf units of toxin, 150 nmoles of NAD, and the 105,000 X g supernatant fluid were mixed and incubated at 37 C for 35 min. Added to the incubation mixture were 2.1 ml of K2HPO4 (110 ,umoles), 0.5 ml of L-glutamic dehydrogenase (1.22 enzyme units per ml), and 0.1 ml of glutamate (30,umoles). The rate of reduction of NAD was recorded at 340 rim at 15-sec intervals for 1 min.
Toxin-antitoxin floccules formed in a complete rat liver cell-free system. Cell-free rat liver protein synthesizing systems were prepared with 40 mg of purified ribosomes, 50,moles of ATP, 5 ,umoles of GTP, 100 ,umoles of creatine phosphate, 1,200 ,ug of creatine phosphokinase, 200 ,umoles of GSH, 19 Amoles of MgCl2, 60 Lf units of toxin, 200,Mg of NAD, and 6 ml of dialyzed 105,000 X g supernatant fluid in a final volume of 12 ml. The mixtures were incubated at 37 C for 35 min and the ribosomes were removed by centrifugation at 105,000 X g for 1.5 hr. The top two-thirds of the supernatant fluid was removed and placed in 12-ml conical centrifuge tubes. Sixty Lf units of antitoxin were added to the supernatant fluid and the floccules were allowed to form for 48 hr at 4 C. The floccules were removed by centrifugation and washed three times with 0.85% NaCl and divided into two parts. Both were dialyzed against TEGK buffer (0.05 M Tris (pH 7.4) containing 1 mi EDTA, 3 mm GSH, and 0.1 M KCI) for 24 hr at 4 C. One part received 500,ug of nicotinamide and the other was dissolved in 0.2 N NaOH containing 500 Mg of nicotinamide. The dissolved precipitate was neutralized with 0.2 N HCl, and both the dissolved and the undissolved precipitates were again dialyzed against TEGK. The undissolved precipitate was centrifuged and the supernatant fluid was removed. The dissolved floccule and the supernatant fluid from the undissolved floccule were assayed for their ability to incorporate '4C-L-phenylalanine.
Isolation of transferase enzymes from the 105,000 X g supernatant fluid. RNA was precipitated from the 105,000 X g supernatant fluid by the addition of protamine sulfate to a final concentration of 0.17 mg per ml. The RNA was removed by centrifugation and cold, saturated (NH4)2SO4 was added to the supernatant fluid. The fraction precipitating between 35 and 55% saturation after standing for 30 min at 4 C (S55) was collected and dissolved in 50 ml of 0.01 M tris (pH 7.5) that contained 1 mm GSH and 1 mM EDTA, and dialyzed against this same buffer for 24 hr at 4 C.
Column chromatography of transferase enzymes and toxin-antitoxinfloccules. Column chromatography was performed with Sephadex G-100 (Pharmacia, Inc., New Market, N.J.) in a 2.5-X 100-cm column at 4 C. The G-100 was swelled for 72 hr at 4 C in TEGK. Air was removed by suction and the column was packed to a height of 90 cm. Solid sucrose was added to each sample to a final concentration of 10%. The column was charged with 5 ml of either the S55 fraction (90 mg of protein) or the dissolved toxin-antitoxin floccules (40 mg of protein), and the fractions were eluted with TEGK. The flow rate was approximately 10 ml per hr, and 5-ml fractions were collected.
Acrylamide-gel electrophoresis of G-100 column fractions. Acrylamide and N, N'-methylenebisacrylamide were recrystallized from chloroform and acetone, respectively, according to the procedure of Loening (15) . The standard gels were prepared according to the procedure of Davis (5) . Electrophoresis was performed with a Tris-glycine buffer (pH 8.3) at 5 ma per gel for 30 min. Gels were stained for 2 hr with a 1% solution of Amido Schwartz in 7.5% acetic acid. The background stain was removed by placing the gels in 7.5% acetic acid overnight. Radioisotope counting. Reaction mixtures were precipitated with an equal volume of 10% trichloroacetic acid and heated at 90 C for 15 min. The precipitates were collected on cellulose acetate filters, which were either placed in planchets and counted in a thin-window gas flow counter (Tracerlab, Richmond, Calif.), or placed in S ml of scintillation fluid (2,5-diphenyloxazole and 1, 4-bis-2-(5-phenyloxazolyl)-benzene in toluene) and counted in a Unilux II scintillation counter (Nuclear-Chicago Corp., Des Plaines, Ill.).
RESULTS
The effect of diphtheria toxin on cell-free protein synthesis was studied with tissues from the susceptible guinea pig and the resistant rat. Protein synthesis in liver extracts from both species was inhibited, despite the fact that intact cells from resistant species are resistant to toxin in vitro (6) . Figure 1 shows that inhibition was apparent after 5 min and that the rate of incorporation of amino acids was inhibited by about 80%. The ,umoles of GSH, 120 ,ug of creatine phosphokinase, 10 ;umoles of creatine phosphate, 5 jAmoles of ATP, 0.5 jumole of GTP, 0.1 ,Ic of "4C-amino acid mixture, and 0.5 ml of 105,000 X g supernatantfluid. Six Lf units of diphtheria toxin were included in the test system. The reactions were incubated at 37 C, and stopped by adding to 30% inhibition is observed. These decreases in percentage of inhibition suggest that the component that is sensitive to toxin is in the soluble fraction of animal systems. The partial sensitivity that was noted when the soluble fraction from S. faecalis was used may be based on the fact that the inhibited factor binds to the particulates of the sensitive species.
To confirm and localize the site of toxin inhibition among the soluble components, cellfree systems from rat liver were assembled from better-defined components in the particulate and soluble fractions. A crude particulate microsome fraction from rat liver was replaced with purified ribosomes, and poly U was used as a synthetic messenger RNA. A crude 105,-000 x g supernatant fluid was used initially to test the system for toxin sensitivity. Figure 3A shows that diphtheria toxin inhibited the incorporation of '4C-phenylalanine into protein. The effect was apparent after 5 min, and an 80% reduction in rate was attained.
The crude soluble fraction was replaced with charged phenylalanyl-sRNA and transferase enzymes. Figure 3B shows that toxin is effective in the presence of phenylalanyl-sRNA, which is the product of the activation step in protein synthesis. Thus, the toxin-sensitive components in the rat liver system are involved in the later Effect of diphtheria toxin on the incorporation of"4C-amino acids into protein in a cell-free system from S. faecalis. Reaction mixtures were assembled in a volume of 1.0 ml. Each mixture contained 0.3 ml ofa crude particulate fraction, 40 jAmoles of Tris (pH 7.4), 1 ,umole of magnesium acetate, 10 ,umoles of BME, 22 ,ug of creatine phosphokinase, 60 ;&moles of creatine phosphate, 8 ,umoles of ATP, 0.4 ,umoles of GTP, 0.1 ,uc of "4C-amino acid mixture, and 0.2 ml of soluble fraction. Six Lf units of diphtheria toxin were included in the test system. The reactions were incubated at 37 C, and stopped by adding 1 ml of 10% trichloroacetic acid. Symbols: 0, control; *, diphtheria toxin. stages of those synthesizing reactions that require transferase enzymes.
NAD has been shown to be required for diphteria toxin activity (4). Using dialyzed rat liver 105,000 X g supernatant fluid with poly U and purified ribosomes, protein synthesis is again stopped in 5 min when both NAD and toxin are added (Fig. 4) . When NAD is not included in the reaction, protein synthesis is not inhibited by toxin. The effect of NAD on toxin activation was measured to define an optimal inhibitory system. Table 2 shows that both rat liver and guinea pig liver are 80% inhibited by 100 and 200 ,ug of NAD per ml. At 25 ,Ag/ml, only slight inhibition is observed. The optimum concentration for inhibition in both rat and guinea pig liver is 100 ,g/ml. In stoichiometric terms, 140 ,umoles of NAD gave maximal inhibition with 0.25 ,umoles Reaction mixtures were assembled in a volume of 1.1 ml as in Fig. 3A , except that the 105-000 X g supernatant fluid was dialyzed. Six Lf units of diphtheria toxin was added to each tube, and the concentration of NAD was varied. The extent of incorporation of '4C-phenylalanine into protein was determined after incubation at 37 C for 35 min. The degree of inhibition is given as the per cent of inhibition compared to a control with 6 Lf units of diphtheria toxin and no NAD. absorbed to columns of Sephadex G-100 and eluted with buffer.
The fractions were first analyzed for absorption at 280 nm. The profiles are shown in Fig. 6 . The sample without NAD gave 2 peaks, with maximums at fractions 8 and 16, respectively. The sample with NAD gave 3 peaks, with maximums at 11, 15, and 35, respectively. Each of the designated five peaks was tested for content of toxin, antitoxin, and NAD and was submitted also to electrophoresis separation in acrylamide gel. The third peak from the sample prepared with NAD was identified as NAD. In this sample, the first and major peak contained both toxin and antitoxin, and the second, a minor peak, contained toxin. In the preparation that lacked added NAD, antitoxin provided the first peak and toxin provided the second.
Separation by electrophoresis in acrylamide gel revealed two components that were not identified serologically as toxin or antitoxin in the first peak from floccules formed in the presence 5 . Demonstration of NAD after interaction with diphtheria toxin and the soluble fraction from rat liver. A 0.7-ml mixture was assembled containing 6 Lf units of diphtheria toxin (0.25 nmoles), 150 nmoles of NAD, and 0.5 ml ofa dialyzed 105,000 X g supernatant fluid from rat liver. A control mixture was assembled without toxin. The mixtures were incubated at 37 C for 35 min. At this time, 110 ,umoles ofK2HPO4, 0.5 ml of glutamic dehydrogenase (specific activity, 1.22 unitsl ml), and 30 ,umoles of glutamate were added. The final volume was 3.4 ml. The optical density at 340 nm was followed in the two tubes. Symbols: 0, control; 0, diphtheria toxin.
of NAD (Fig. 7) . The first peak from flocculates formed in the absence of NAD contained only one major band, which migrated to the same position as the antitoxin control.
DISCUSSION
The results presented in this paper, combined with the observations of others (2, 3, 4, 11) , suggest a model for the intoxication system given in Fig. 8 . Conceivably, the reaction could take place in two steps. (i) Toxin binds to transferase II and slightly alters the stereospecific relationship between transferase I and II without inactivation of the enzymes. Both of these enzymes are bound to ribosomes, and it is probable that they occupy positions very close to each other.
(ii) The stereospecific changes induced by toxin allow NAD to bridge between the two transferases Dissolved precipitate + 338 NAD a The extracted flocculates formed in the presence of NAD were assayed for transferase activity in a modification of the system described by Gasior and Moldave (8) . The reaction consisted of ribosomes, 4 mg purified; 14C-L-phenylalanine, 3,000 counts/min; poly U, 100 Mg; MgCl2, 15 ,umoles; NH4Cl, 160 jumoles; GTP, 0.5 jMmoles; BME, 10 ,umoles; ATP, 5 ,moles; creatine phosphate, 10 Amoles; creatine phosphokinase, 120 jug; pH 5.2 precipitate, 5 mg of protein; and 0.5 ml of the fraction to be tested. The reactions were incubated at 37 C for 35 min and were precipitated with an equal volume of 10% trichloroacetic acid. a The reaction mixtures were assembled as described in Table 3 . Each received 0.5 ml of the extracted flocculate plus 0.1 ml of the appropriate concentration of nicotinamide.
at some site other than the toxin molecule, and cause inactivation by further changes in the spatial relationships between the two transferases.
The specific requirement for NAD is now well documented (2, 4, 10) , but there has not been any clear demonstration that NAD is a component of the intoxication complex. The results of the column chromatography experiments (Fig. 6 ) have now demonstrated clearly that NAD is bound to the toxin-antitoxin floccules that are formed in the presence of NAD and the 105,-000 x g supernatant fluid, and that NAD is thus an intimate part of the complex.
From structural considerations, NAD could easily act as a bridge between the two transferases. It has a free amino group on both the nicotina- (2) that toxin specifically inactivates purified transferase II, and our model is based, in part, on this finding. Although the toxin may specifically bind to purified transferase II, the proposed model has also accounted for our observation that both transferase I and II are present in the toxin-antitoxin floccules that are formed in the presence of NAD and the 105,-000 x g supernatant fluid.
There are three distinct possibilities with respect to the point of attachment of toxin to transferase: (i) at the ribosome competent site,
(ii) at the site active in the formation of the peptide bond, and (iii) at a nonspecific site.
Attachment of toxin to transferase II at either of the first two sites would cause an obvious decrease in the activity of the enzyme. However, if toxin did attach to an active site, inhibition should occur without the addition of NAD. This, then, points to the attachment of toxin at a nonspecific site on the transferase. This conclusion is compatible with the physical characteristics of the toxin molecule. The molecular weight of the toxin molecule is 74,000 and it is, therefore, large enough to bind to the transferase H molecule and cause stereospecific changes.
The use of cell-free protein synthesizing systems has proven of considerable value not only in elucidating the mode of action of toxin, but also in indicating a possible mechanism of cellular resistance to toxin. The cell-free systems obtained from the normally resistant rat were as sensitive to toxin as the cell-free systems derived from the sensitive guinea pig. This implies that the resistance of some mammalian cells is due to the impermeability of the toxin molecule at the cell membrane. This conclusion is strengthened by the observations that a cell-free protein synthesizing system from the normally resistant mouse L cell is highly sensitive to toxin (11, 17) .
The resistance of both intact bacteria and cellfree systems derived from bacteria implies that resistance to toxin in bacteria is determined by factors other than cell permeability. Since the transferase enzymes have been pinpointed as the specific site of action of toxin, the resistance to toxin may be due to some inherent difference between the transfer of amino acids from sRNA to the peptide chain in bacterial and mammalian systems. There are two reports that support this conclusion. First, bacterial and mammalian transferases are not interchangeable (20) . Second, bacterial protein synthesis is dependent upon three transferase enzymes as opposed to only two in mammalian systems (16) . This basic difference between bacterial and mammalian systems may be the reason that bacterial protein synthesis is not affected by toxin. However, it is not ruled out that bacterial systems may possess some component capable of binding or inactivatinig'the toxin molecule. 
